This paper describes the use of the stochastic process algebra PEPA to model and evaluate the performance of an industrial production cell. An initial speci cation of the production cell is is developed and transformed to allow performance measures of the cell to be found. The reasons for making these transformations are given, and performance measures for the transformed speci cation are presented.
INTRODUCTION
Designing a production cell is a complicated task since there are many factors to be considered. The requirements of most manufacturing processes dictate that particular machines are required, for instance a machining task will require the use of lathe, but issues such as how materials are moved between machines and the sensing requirements of the cell are often not as well de ned. Formal speci cation can be a valuable aid to a cell designer as it allows a range of options for the con guration of the cell to be explored in a precise setting|in particular sensing requirements can be clari ed during the development of a speci cation as it often becomes evident what information about the state of the cell is required to ensure that it operates e ectively. If a library of speci cations of common machines is available to the designer then experimentation with the con guration of the cell would be greatly eased, allowing for a wider range of options to be explored. If the speci cation of the cell can be augmented with information related to the performance of each machine, allowing the designer to calculate performance measure such as the throughput of the cell, then the speci cation becomes more valuable to the designer because of the extra information that it provides. For example it would be possible for the designer to demonstrate that any constraints (such as minimum throughput) may be satis ed, or that those constraints were unrealistic. It may also be possible (though di cult!) to nd the rates required to optimise the throughput of the cell given a set of constraints on the cost of setting up and operating the cell.
The main aim of this work is to investigate whether the stochastic process algebra PEPA 1] may be used to specify and investigate the performance of an industrial production cell. To date the published case studies have concentrated on networks and distributed systems (an exception is 2]), so it seemed worthwhile to attempt a case study in a di erent eld, though it may be argued that production cells are an example of distributed systems.
The cell speci ed was used as the basis for one of the major case studies of the KorSo project 3], and is described in detail in 4]. There is a graphical simulation of the cell (see gure 1 for a screen-shot) which can be used to visualise how the cell operates. Since the simulator can be interfaced to any program which reads from standard input and writes to standard output, it is possible to implement speci cations of the cell controller.
Further aims of this work include: determining how easily a speci cation of the cell may be developed, and seeing if extensions to PEPA are suggested by the case study; and investigating whether the performance of the cell predicted by the speci cation is reasonable, and also to investigate the feasibility of optimising the throughput of the cell by varying the speed at which components operate. The next section of this paper describes the production cell. Following this the speci cation of the cell is given, then the transformations required to allow performance measures to be calculated are described. Performance characteristics of the transformed speci cation are then presented. The nal section includes some conclusions and directions for future work.
THE PRODUCTION CELL
The task of the production cell is to forge metal plates (or blanks) in a press, and is based upon a cell in use in a metal processing plant near Karlsruhe. press: this is the`active' component of the production cell which performs the processing of the blanks; deposit belt: after blanks have been processed by the press, they are placed here to be removed from the production cell;
travelling crane: once the blanks reach the end of the deposit belt they are picked up by the travelling crane and moved to another part of the factory.
Figures 1 and 2 give plan and side views of the production cell. Each component in the workcell has motors or actuators which are used to control the device, and sensors which are used to report its state. These will be described in more detail when the speci cation of each component is developed.
From the point of view of a blank, the sequence of events which occurs is:
1. it is placed on the feed belt and transported to the elevating rotary table;  2. the table moves into position so the blank can be  picked up by the robot; 3. the robot moves the blank to the press, where it is forged; 4. the press moves to the unloading position and the blank is picked up by the robot; 5. the robot transports the blank to the deposit belt; 6. when the blank reaches the end of the belt it is picked up by the travelling crane and moved to its ultimate destination. In the system being modelled, the ultimate destination of a blank is the feed belt, so this cycle repeats indefinitely. In a more realistic setting the blank would be moved to the next production phase.
THE SPECIFICATION
The main choice that had to be made when specifying the production cell was how to coordinate the components. The options were to specify a cell controller agent which embodied a plan for processing blanks (c.f. 2]) or to specify how adjacent components were coordinated. The latter was chosen because it was felt to be more in the spirit of the compositional nature of PEPA|only local interactions between components exist, which makes the e ect of changing the speci cation of an agent obvious.
The following conventions are used in this speci cation: this indicates the rate at which internal commands such as belt1 start can be completed; this indicates the rate at which synchronisation between machines in the cell can occur;
> as usual this indicates that the agent is passive with respect to a synchronisation, i.e. that it will perform that activity as soon as the agent or agents it cooperates with are ready. Another convention used is that when a handshake between machines necessitates that they cooperate more than once, the same name is used for all the activities. This is to suggest that there would be a single physical connection between the machines.
In the following sections each component of the cell is speci ed, and these agents are composed to specify the behaviour of the complete production cell.
Feed Belt
The feed belt has a single actuator which may be turned on and o to start and stop the belt, and a single photoelectric sensor used to determine if a blank is at the end of the belt. When the blank breaks the light beam the sensor turns on and stays on until the blank has moved past the sensor.
The speci cation of the belt agent is given below: This agent is slightly complicated by the fact that there is a nite supply of blanks in the simulated production cell. This means that the number of blanks in circulation must be counted and, once they have all been introduced, blanks which have already been processed are allowed to go through the cell again.
The actions via which this agent cooperates with adjacent agents are ready to put and can accept; the rest denote internal actions which cause the belt to change state (start or stop) or indicate information being fed back from the machine (e.g. sensor on indicates that the sensor at the end of the belt has switched on). This is typical of all the agents in this speci cation|agents are mostly concerned with controlling machines and the interactions between agents are minimised.
Elevating Rotary Table
The purpose of the elevating rotary table is to receive a blank from the feed belt and perform the appropriate translation and rotation so the robot arm can pick up the blank and place it correctly in the press. This component has two actuators, one of which raises and lowers the table and the other which rotates the table. It has three sensors for determining whether the table is at the lower or upper position and to report the angle through which the table has been rotated.
The behaviour of the table is rather dull|initially it is positioned so it can accept a blank from the feed belt; once a blank has been received the table moves so the robot can pick the blank up; once the blank has been removed by the robot it returns to the starting position, ready for another cycle. Table   def = PutPosn:(ready to put; ):
(ready to put; >):PickPosn: (ready to pick; ):(ready to pick; >): 
Robot
The robot is used to transport blanks to and from the press. It consists of two arms attached to a common base, each with an electro-magnetic end e ector. It has actuators for rotating the robot, for extending and retracting the arms, and for activating and deactivating the end e ectors. It has three sensors which report the angle of rotation of the robot and the extension of each arm.
The robot has the most complicated behaviour of any of the devices. This is reasonable as it has to interact with three other devices. The robot rst picks up a blank from the table, loads it into the press and returns to collect the next blank from the table. When it has received a new blank, the second arm is used to remove the processed blank from the press and this is moved to the deposit belt. The rst arm then loads the press with a new blank and the cycle repeats. 
Press
It is the job of the press to process the blanks, where processing amounts to forging the blank by compressing it. To achieve this the press has two horizontal plates, the lower of which can be translated in the vertical direction. An actuator is used to perform this translation. The lower plate can come to rest in one of three positions; the lower position which allows a blank to be removed from the press, the middle position which allows a blank to be loaded into the press, and the upper position where forging occurs. The press has three sensors, reporting which of these three positions the plate is in.
The behaviour of the press is very simple: it moves to the loading position and waits until a blank has been loaded, forges it, moves the blank to the position from where it can be removed and repeats this cycle. (press middle ; P m2t ):(press stop; ) Middle2Top def = (press upward; ):
(press top ; P m2t ):(press stop; ) Top2Bottom def = (press downward; ):
(press bottom ; P t2b ):(press stop; ) Bottom2Middle def = (press upward; ):
(press middle ; P b2m ):(press stop; )
Deposit Belt
The deposit belt is very similar to the feed belt|it also has one e ector for starting and stopping the belt and one sensor to indicate when a blank reaches the end of the belt.
It was decided to allow the deposit belt to contain more than one blank, which meant that this agent is not identical to the feed belt. The most obvious way to achieve this is to treat the belt as a bounded bu er, however while this would be perfectly adequate it was decided to investigate a more complicated way of specifying this device. The basic idea is to split the belt into three regions, each of which is controlled by its own agent. Blanks are received by the rst region and passed on to the nal via the second. The rst thing to note is that this speci cation demonstrates a technique for synchronising several agents on a particular activity. This is a common requirement in physical systems and represents an`emergency stop' button| when the red button is pressed all components of the device must stop. However this feature alone would not justify the extra complexity. The idea for splitting a conveyor belt into di erent regions came from consider-
spends given amounts of time in the various zones before passing to the next, and it is therefore important to model the transitions of pieces between zones.
Travelling Crane
The purpose of the travelling crane is to move the blank from the deposit belt to its nal destination|in this case it is back to the feed belt. It has three actuators; one to move the crane laterally between the belts, one to change the height of the end e ector, and one to activate and deactivate the electromagnet attached to the end e ector. It also has three sensors; one to report the height of the end e ector, one which reports when the crane is above the feed belt and one which reports when it is above the deposit belt.
The behaviour of the crane is straightforward. It is initially above the deposit belt with the electromagnet switched o . Once a blank is ready the end e ector is lowered and the electromagnet switched on, the end e ector is then raised and the crane moves to the feed belt. When the feed belt indicates that it is ready to accept a blank the end e ector is lowered, the electromagnet switched o , the end e ector is raised again and the crane moves back to the deposit belt. Crane 0 k Press 0 ) S 1 = fready to pick; unload blank; DBelt ready; load blankg S 2 = fready to putg S 3 = fblank ready; can acceptg This rather curious composition re ects the structure of the workcell. The innermost expression composes the feed belt, the table and the deposit belt, though it is only the feed belt and the table which cooperate. This composite agent cooperates with the crane, as the crane needs to cooperate with both belts, and this is composed with the press. Finally the robot synchronises with this bracketed expression. A diagram showing which agents cooperate is given in gure 3. Table  Robot Deposit Belt Feed Belt Crane FIGURE 3. Schematic view of the production cell
Press

TRANSFORMING THE SPECIFICATION
PEPA is supported by a tool 5] which allows a user to generate performance measures from a speci cation. The speci cation developed above was submitted to the tool in order to evaluate the performance of the cell, but it was found that the derivation graph of the speci cation was so large that it was e ectively impossible to compute. This lead to a number of simpli cations being made to the speci cation. There were two distinct types of problems with the speci cation: the corresponding transition graph had an enormous number of nodes; when subdividing behaviours, some agents which were not closed were introduced; there were nodes in the transition graph which were visited very infrequently (usually once), or were associated with activities which had very high rates, and therefore had low probabilities associated with them which caused the in nitesimal generator matrix to be ill-conditioned. The last problem was only revealed after the rst and second were addressed. In the rest of this section the transformed agents are presented and the major changes explained.
Feed Belt
In common with all the agents in the original specication, a large proportion of the feed belt's actions are internal and have very high rates, and therefore do not contribute greatly to determining the performance of the cell. This agent originally had a number of transient states|Belt 0 was used to initialise the feed belt and Belt i counted the number of blanks introduced into the workcell. The initialisation was redundant once the internal actions were removed and counting the number of blanks was thought to be arti cial, as a real workcell would e ectively have an in nite supply of blanks. Similarly accepting blanks from the crane to be recirculated around the cell was unrealistic. The choice between behaviours in Belt N was also redundant once the internal actions had been removed. The 
Press
Other than removing the initialisation and internal commands, the behaviour of the press had to re ect that the robot no longer initially loaded it with a blank. The simplest way to do this was for the press to allow itself to be unloaded before it accepted a new blank, meaning that the robot will initially unload an empty press, but this will not a ect the steady state performance of the cell. Press def = (unload blank; ):(unload blank; >):
(move press; P b2m ):(load blank; ):
(load blank; >):(move press; P m2t2b ):Press
Deposit Belt
Introducing cooperation between agents causes the transition graph to grow enormously, therefore it was decided to completely re-write this agent as a bounded bu er. 
PERFORMANCE OF THE CELL
Performance gures were calculated from the transformed speci cation using the PEPA workbench to compile the speci cation to a transition system, which was then transformed into a Markov chain. The Markov chain was solved to allow steady state properties to be calculated|for this paper the throughput of the cell and the utilisation of the press were the quantities calculated. Throughput was de ned to be the number of blanks the cell could produce in a minute. The press utilisation was de ned to be the percentage of time it spent doing useful work. It is typical in production cell design to try to determine the utilisation of particular components of a cell as it is desirable to ensure that the components which do the majority of the processing of the raw materials are utilised as much as possible, particularly since these tend to be the most expensive machines in the cell. The performance gures are based on timings taken from the simulation of the workcell. The values assigned to the rate parameters are given in table 1. The experiments take the form of investigating the e ect of speeding up a given component, or number of components, on the throughput of the cell and the press utilisation. A component is speeded up by multiplying each of its rate parameters by a speedup factor.
The rst experiment was to determine the throughput of the cell and the press utilisation given the gures in table 1. The throughput was 2.32 blanks/minute, and the utilisation of the press was 12.2%. While the controller described by the speci cation given here has not yet been implemented, the throughput of the cell with the supplied controller was very similar.
The next set of experiments was to investigate how changing the speed of the press e ects the performance of the cell, since the press is the central component. Figure 5(a) shows that the di erence in throughput between slowing the press down by a factor of two and speeding it up by a factor of four is minimal, indicating that the press is not a bottle-neck in this production process. However the utilisation of the press decreases signi cantly as the speed of the press increases, which can be explained by the fact that it would take longer for a slower press to perform its task, therefore it press would spend less time waiting to be loaded or unloaded by the robot. This would indicate that it would be possible to use a relatively slow press in the production cell with no signi cant di erence in the throughput. Since it is apparent that the press spends much of its time waiting to be loaded or unloaded, the next set of experiments investigated the e ect of changing the speed of the robot. Figure 6 shows that there is a significant cost of slowing the robot down, but that speeding it up makes little di erence to the throughput and the press utilisation. This indicates that the bottle-neck in the production process exists elsewhere.
The e ect of speeding up the other components in the workcell was investigated, and it was found that there was little to gain from speeding up any of them apart from the crane, as can be seen in gure 7. Figure 7(a) shows that the increase in throughput was signi cantly greater than that experienced when speeding up the other components, and that this increase only tails o after the speed of the crane had been doubled. Figure  7 (b) shows that this increase in throughput is not at the expense of press utilisation, so it would appear to be desirable to provide a faster crane for the workcell.
The experiments with the crane prompted the investigation of speeding up both the press and the crane. press. This can be interpreted as meaning that as the speed of the press increases and blanks are transported out of the cell more quickly by the crane, the press spends more and more time waiting to be loaded or unloaded, indicating that it is the robot causing a bottleneck. This nding motivated the nal set of experiments presented here, where both the robot and the press are speeded up. Figure 9 shows that speeding up these components has a bene cial e ect on the throughput and press utilisation, and that the improvements achieved are by far the most signi cant discovered. It appears that the most signi cant bottle-neck was the rate at which blanks were removed from the cell, and once this was alleviated it was possible to increase the rate at which blanks were fed to the press in order to further improve the cell throughput and the press utilisation. The fact that both graphs atten o as the speedup increases indicates that the speed at which other components operate starts to reduce these gains, but this only occurs at unrealistic values of the speedup of the crane and robot. The main aim of this work has been achieved|it has been shown that it is possible to create a PEPA specication of a production cell and to investigate the performance of that cell. The initial speci cation was awed in two respects: because of a lack of understanding of the form that PEPA agents may take, speci cally that all agents must be closed; and secondly in trying to mix the speci cation of functional aspects of the cell with performance aspects. From the latter point it can be seen that the level of abstraction with which a system should be described is somewhat di erent to that which might be expected by a speci er familiar with process algebras. For example internal activities with a very high rate, such as commands to start or stop a conveyor belt, were removed from the initial specication since they contributed little to understanding the performance of the cell, but contributed to making the analysis of the speci cation intractable. This means that a speci er would have to take care to include only those aspects which are important for determining performance characteristics, but the subsequent speci ca- A di erent approach would be to designate such activities as instantaneous and for tools which calculate the transition system corresponding to the speci cation to omit these activities. A further aim was to investigate whether this case study suggested extensions to PEPA to make modelling this type of system more convenient. The rst observation is that sequential composition of agents would allow speci cations to be written in a more natural style. For example the de nition of the Robot agent in section 3.3. is rather more readable than that in 4.3. It should be possible to de ne sequential composition in such a way that those agents which incorporate it can be transformed to equivalent ones without sequential composition, so leaving the core semantics of the language unchanged.
Another language feature that would be useful is the disabling operator found in LOTOS 6]. This allows an agent to be disrupted by another agent (i.e. control passes to the second agent) if any of the initial events of the second agent could occur. This would increase the clarity of the speci cation of failures in, or interruptions to, an agent. An example of where this would be FIGURE 9. E ect of speeding up the robot and crane useful in the speci cation of this cell is in the deposit belt agent (section 3.5.). The End, Front and Middle agents could be disabled by an Unload agent, ensuring that no further blanks could be placed on the conveyor belt while it was halted. However it is not immediately obvious how this feature would be incorporated in PEPA. Notwithstanding the above comments, it was possible to investigate the performance of the cell and discover some interesting information about which machines limited the throughput|it was originally thought that the press would be the cause of bottlenecks, but this was proved wrong and the surprising result that it was sufcient to speed up the press and the crane in order to improve signi cantly the throughput of the cell and the press utilisation was obtained. In this respect the case study has been a success.
Future work
Now that a speci cation has been produced which yields performance measures, this work can continue in a number of directions. Firstly it would be desirable to analyse the speci cation to determine liveness and safety properties of the controller it describes. It should be 551 D.R.W. Holton possible to determine liveness properties from the model as it stands|the performance experiments show that the cell does produce processed blanks, and that it is possible to determine how well utilised individual components are. Safety properties, such as determining that blanks are never dropped in unsafe places, may require that the speci cation is transformed to a standard process algebra (by removing all performance information) and analysed used standard techniques. Following on from this analysis the speci cation should be implemented and interfaced to the simulation, demonstrating that the controller described can usefully control the cell. It would also be desirable to control the physical cell as a simulation is always an approximation to a real system.
Another useful direction would be to investigate how to optimise the rates of the individual machines to maximise the throughput at the minimum cost. The main di culties here lie in: the computational complexity of the task; and determining the cost of operating a given machine at a particular speed.
The complexity of optimising a cell is related to the number of components|the cell described in this paper has only seven components, so the optimisation task is tractable, but it should be noted that the size of the search space grows exponentially with the number of components.
Determining the cost of operating a machine at a given given speed is quite complex. In the case that a particular machine can operate at variable speeds the information required would include factors such as how its failure rate changes as the speed of the machine varies, and perhaps how the running costs vary with speed. For types of machines which run at a xed speed the consequence of requiring a faster machine might be buying a more expensive model, meaning that capital costs would need to be factored into the optimisation procedure.
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